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Abstract:  
The mathematic model of release and dispersion process in LNG leakage incidents is discussed in this paper. Validation of this model is 
made to simulate the leakage of a LNG tank in the LNG storage and distribution station of a city gas corporation of Nanjing. The result 
indicates that numerical simulation and analysis method presents some reliability in the prediction and analysis of accident consequences, 
with practical guiding significance in the safety assessment for construction of new projects and the safety management and emergency 
relief after the completion of project. 
© 2014 The Authors. Published by Elsevier Ltd. Selection and peer-review under responsibility of the Academic Committee 
of ICPFFPE 2013. 
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1. Introduction 
Changes in the energy policy of China have promoted the yearly increase of the proportion of natural gas in the energy 
structure in the country. The volume of liquefied natural gas (LNG) is only 1/600 that of its gaseous state, LNG allows more 
flexible means of transport and storage, the combination of land and water transport with higher mobility, making it more 
suitable for transporting to different locations and users, especially places where urban pipeline is not accessible and long
distance transport. Due to the inflammable and explosive feature of LNG, its safety is of wide concern and attention, and the 
core to its safety is how to prevent such hazards as dispersion of heavy gas cloud [1-3] and fire in pool caused by 
unexpected leakage of LNG during its storage and transport.  
In this paper, mathematic model is used to perform rehearsal and simulating analysis of the leakage and dispersion 
process and the affected area of the accident consequences in a postulated leakage accident of a 2500m3 storage tank in the 
LNG emergency peak regulation distribution station of a gas company in Nanjing, and the result can have some practical 
guiding significance to preventing LNG tank leakage accident and its emergency relief.  
2. Analysis of leakage and dispersion process 
LNG is a liquid hydrocarbon mixture with CH4 as the main component, at the atmospheric pressure, its boiling point is 
about -162ć, with a gas to liquid ratio of about 600:1 and a density of about 425kg/m3. LNG is a liquid cryogenic light 
hydrocarbon, therefore obvious white vapor cloud will form where it is leaking or releasing as the water vapor in the air is 
cooled by the released LNG.  
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When LNG is released to ground due to equipment or operation problem, due to a large temperature difference between 
LNG and the ground, the LNG will absorb the heat on the ground and vaporize quickly. This process is quite quick, with a 
very high vaporizing rate in the initial time, and only when the water in soil has been frozen and less heat is transferred from 
soil to LNG, the vaporizing rate will start to decrease. In addition, the conduction and convection of surrounding air, as well 
as solar radiation, can also increase the vaporizing rate of LNG.  
A weir is designed to prevent dispersion of LNG in the event of leakage from a tank. The volume inside the weir should 
be sufficient to contain the LNG inside the tank. To reduce the vaporizing rate of LNG, normally safety facilities such as 
stationary foam generators are installed along the weir, when LNG is released, foam generators will spray foam to cover on 
the LNG in the weir, to reduce the heat from the air and lower the vaporizing rate of LNG.  
3. Mathematic model analysis 
3.1. Leaking source model 
LNG leaks usually in two forms: continuous leakage and transient leakage. In continuous leakage, the leaking time is 
longer than the dispersion time of leaked material in atmosphere or on ground after the leakage; in transient leakage, the 
leaking time is much shorter than the dispersion time of leaked material in atmosphere or on ground after the leakage.  
When explosion occurs after transient total leakage of all LNG from the tank, the consequences are disastrous, and it is 
totally insignificant to make prediction with numerical simulating analysis for such a condition. Therefore, this paper studies 
the numerical analysis of continuous leakage from a LNG tank. Suppose the leakage occurs at the pipe connecting at the 
tank root, because of the short leakage route, there is no enough time to form a vaporized core, and some LNG is in the two-
phase flow in the leaking pipe due to flash evaporation, therefore, the leakage rate can be calculated using the following 
formula [4]: 
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Where: Qm is the mass leaking rate, kg/s; P0 the tank internal pressure, Pa; A the leaking area, m2; U  the density of LNG, 
kg/m3; hL the distance between the leaking point and liquid level, m; and C0 the leaking coefficient. According to this 
formula, with the emptying of the tank and the reduction of liquid level, the flow rate and mass flow rate will decrease.  
The leaked out LNG will flash, i.e. sudden evaporation of liquid when flowing through the rupture due to pressure 
reduction because the boiling point of liquid is below the ambient temperature. The heat required in evaporation is taken 
from the liquid itself, and the temperature of the liquid remaining in the tank will reduce to the boiling point at atmospheric 
pressure. In this case, the percentage F of the liquid directly evaporated at the time of leakage can be calculated using the 
following formula [5]: 
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Where, Cp- the constant-pressure specific heat of liquid, J/kg·K; T- temperature of liquid before leakage, K; T0 – boiling 
point of liquid under atmospheric pressure, K; H- heat of vaporization of liquid, J/kg.  
In fact, the liquid directly vaporized at the time of leakage will become a cloud of fine smog, to mix with the air and 
vaporize by absorbing heat. If the heat transferred from the air to the liquid smog is not sufficient to allow it to vaporize, 
some liquid smog will condense into drops and fall onto the ground to form the liquid pool. According to experience, 
normally no liquid pool will form when F>0.2; when F<0.2, there is a linear relation between F and the carried away liquid, 
i.e. no liquid is carried away (vaporizing) when F=0, and 50% of liquid is carried away when F=0.1.  
(1) Flashing: direct vaporization of overheated liquid after leakage by its own heat is referred to as flashing. The liquid 
vaporizing rate Q1 in flashing can be calculated using the following formula [5]: 
tmFQ v  1
                                                                                     (3) 
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Where, Fv – proportion of the liquid directed vaporized to the total quantity of liquid; m – total amount of liquid leaked 
out, kg; t – flashing time, s. 
(2) Vaporization by heat: when Fv<1 or Qt<m, flashing of liquid is not complete, some liquid will form a liquid pool 
on ground and vaporize by absorbing the heat on ground, which is referred to as vaporization by heat. The vaporizing rate 
by heat Q1 is calculated using the following formula [5]: 
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where, A1-liquid pool area, m2; T0- ambient temperature, K; Tb- liquid boiling point, K; H- liquid vaporizing heat, J/kg; L- 
liquid pool length, m; D - heat diffusion coefficient, m2/s, see Table 2; K – heat conductivity coefficient, J/m·K, see Table 1; 
t - vaporization time, s; Nu-Nusselt number. 
Table 1. Heat transfer property of some ground 
Ground condition K/(J·m-1·K-1) D /(m2·s-1) 
Cement 1.1 1.29×10-7 
Soil (water content at 8%) 0.9 4.3×10-7 
Dry soil 0.3 2.3×10-7 
Wet soil 0.6 3.3×10-7 
Sand and gravel 2.5 1.1×10-6 
(3) Mass vaporization: when ground heat transfer has stopped, vaporization by heat is terminated, and the liquid vaporize 
by the air flow movement above the liquid pool surface, which is referred to as mass vaporization. Its vaporizing rate Q1 is 
[5]: 
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where, D - molecular diffusion coefficient, m2/s; Sh- Sherwood number; A- liquid pool area, m2; L- liquid pool length, m; 
ρ1- liquid density, kg/m3. 
3.2. Diffusion model 
3.2.1. Gaussian model 
The Gaussian model is often used as the mathematic model to describe the diffusion of leak cloud (a neutral cloud 
model). The Gaussian model consists of Gaussian plume model and Gaussian puff model. The former is applicable to gas 
dispersion with a continuous source, while the latter is applicable to gas dispersion with a transient source [6].  
In the period of time just after the leakage, the concentration distribution is not stable, being the function of space and 
time, so it can be described by the Gaussian puff superimposed model (combination of Gaussian plume model and Gaussian 
puff model), and its mathematic expressions are as follows [7]: 
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Where, C is the mole percentage concentration of leaked medium in atmosphere; Qm the mass leaking rate, kg/s; u the 
average wind speed in the environment, m/s, t the leaking time, s; Hr the effective source height, m; x, y, z the coordinates of 
predicted points, m; σy and σz the diffusion coefficient with transversal and vertical wind direction, m.  
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After a period of time, the concentration distribution is in a stable status, and concentration is only the function of space, 
irrespective with time. At this time, it can be described with the Gaussian plume model, which as the following mathematic 
expression: 
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Where, Qm is the release rate, m3/s. zyx VVV ,,  are important parameters in Gaussian model, being the function of the 
down wind distance from the release source to the calculating point and the atmospheric stability, and are also related to the 
plume release height and the ground roughness. For the calculation of diffusion coefficient, it can be determined on field 
using tracking test method, or by using the atmospheric flow characteristics. Presently, the Sutton model, Pasquill model 
and Reuter model are often used. For simple and quick calculation, the Pasquill model was used to calculate the diffusion 
coefficient.  
Pasquill model 
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Where, a1, a2, b1, b2, b3 are the functions of atmospheric stability. 
Atmospheric stability is the extent of stability of the atmospheric layer. In gas leakage and dispersion, atmospheric 
stability is a factor playing an important role, affecting the shape and scale of gas dispersion. Presently, atmospheric 
stability classifying methods include Richardson, Pasquill and Turner methods, as Richardson method is not quite 
convenient in practical use as it requires accurate observed data of wind speed gradient and temperature gradient, 
therefore Pasquill and Turner methods are used. Comparatively speaking, it is more convenient to use the Pasquill 
method.  
3.2.2. Heavy gas diffusion model 
The diffusion of a heavy gas cloud in atmosphere can be divided into four phases: gravity setting, air entrainment, cloud 
heating and conversion from heavy gas diffusion to non-heavy gas diffusion.  
(1) Gravity setting The density difference between the cloud and its surrounding air results in collapse of heavy gas, 
reducing the thickness and increasing the radial size of the cloud. In this phase, changes of overall size, air entrainment and 
concentration distribution of the cloud caused by the turbulence caused by gravity collapse play a dominating role, and 
atmospheric turbulence plays an auxiliary role.  
(2) Air entrainment It can take place at the top or on side. The process of air entrainment is the dilution of the cloud. In 
the initial phase, the cloud collapses, resulting in turbulence inside it, then the vortex field formed at the front of the cloud 
becomes quite important, therefore, in this phase, side entrainment dominates and the entraining rate is believed to be in 
proportion to the cloud front moving speed. With the disappearance of the vortex, the top air entrainment caused by 
atmospheric turbulence is believed as the most important and dominating, and the total air entrainment is the sum of both.  
(3) Heating of cloud Because of the temperature difference between the initial leaking cloud and the surrounding 
environment, heat absorbed by the cloud must be taken into consideration.  
(4) Diffusion and conversion into a non-heavy gas cloud With the dilution of the cloud, the Richardson Number will 
gradually reduce, when it is less than the critical Richardson Number, it can be considered that the heavy gas effect has 
completely disappeared, heavy gas diffusion has changed to non-heavy gas diffusion, and the atmospheric turbulence now 
plays a dominating role in the diffusion of the cloud.  
For the heavy gas cloud formed by continuous leakage, the differential control equations of various characteristics 
variables in the diffusion process are as follows: 
Equations for mass, density and volume are: 
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Gravity setting equations are: 
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Air entrainment equations are: 
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Cloud heating equation is: 
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Concentration distribution equation is: 
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Where 
xx
ga MM ,  are respectively the gas mass flux of air and gas of contaminating substance, kg/(m2. s); 
x
V  the 
gas volumetric flux, m3/(m2. s); L the half width of cloud, m; h the height of cloud, m; dx the distance of the cloud 
moving in down wind direction in the time dt, m; Uc the cloud moving rate, m/s; ρa, ρc and ρg are respectively the 
density of air, cloud and contaminating substance, kg/m3; Ta, Tc and Tg are respectively temperature of the air, ground 
surface and cloud, K; and Cpa and Cpg are respectively the specific heat capacity of air and gaseous phase 
contaminating substance, J/m3.  
There are many criteria to judge the conversion of a heavy gas cloud to a non-heavy gas cloud, such as ε criterion, 
Ri criterion and Vf criterion [8]. To facilitate calculation, the ε criterion is used in this paper, i.e., when the difference 
of density between the cloud and surrounding air is less than 0.001kg/m3, it is considered that the cloud has changed 
into a non-heavy gas cloud, and the subsequent diffusion can be calculated with the Gaussian model.  
4. Simulating analysis of an example 
4.1. Basic data for simulation calculation 
The basic data for simulation calculation are as shown in Tables 2, 3 and 4. 
 
Table 2.  Physical and chemical properties of LNG 
Relative 
molecular 
weight 
Boiling 
point 
(ć) 
Burning point 
(water =100) 
Relative density (air=1) 
(kPa(-168.8ć)) 
Relative 
density 
Saturated vapor 
pressure 
Vaporization 
latent heat 
(kcal/kg) 
16.85 -162 650 0.425 0.643 53.32 121.34 
 
Table 3.  LNG storage conditions 
No. of 
tanks 
Tank volume 
(m3) 
Tank size (m) Tank type Storage temperature 
(ć) 
Storage pressure 
(MPa) 
Filling 
coefficient 
1 2500 Φ10.71 Vertical -145 0.6 0.9 
 
Table 4.  Meteorological conditions 
Average temperature 
(ć) 
Average wind speed 
(m/s) 
Prevailing wind 
direction 
Solar radiation Atmospheric stability 
15 3.4 SE Medium/very weak D/F 
 
4.2. Assumptions for accident 
(1) The weir height in the LNG tank farm is 1.7m;  
(2) The 2500m3 tank is a cylindrical vertical tank with small tanks (including ten small tanks each of 263m3), and the 
equivalent big tank has a height of 25m and a diameter of 10.70m when converted in equal height and volume.  
(3) There is a weir zone with built-in closing valve below the tank liquid level, therefore the leakage quantity is based 
on a continuous leakage of 1h via a 100mm dia. pipe at the bottom of the tank;   
(4) According to the stipulation in “Fire prevention code for crude oil and natural gas engineering design” GB50183 [9], 
the average methane gas concentration in the air at the boundary of diffusion isolating zone must not exceed 2.5%, therefore, 
in this calculation, the maximum permissible concentration is taken as 2.5%, i.e. 25000ppm.  
4.3. Simulating analysis result 
4.3.1. Calculation result of leakage diffusion range 
(1) The ground wind speed is 3.4m/s, with medium solar radiation in day time, and atmospheric stability of D 
It can be seen in Fig. 1 that, after LNG leakage, the influence area can reach 104m down wind direction as the maximum, 
and the maximum influence range in transversal wind can also be 7m. The dotted line outside the shaded area in the figure 
indicates the area possibly affected by the cloud formed by the leaking natural gas, mainly due to change of wind direction. 
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Fig. 1. Influence range of the cloud formed by LNG leakage and flashing Fig. 2. Curve of indoor and outdoor natural gas ground surface 
concentration vs time at 30m in down wind direction 
 
Changes of indoor and outdoor natural gas vapor concentration vs time at 30m, 60m, 90m, 104m and 120m in down 
wind direction are respectively shown in Figs. 2, 3, 4, 5 and 6. In these figures, the LOC line represents the maximum 
permissible concentration in air (25000ppm), the dotted line indicates changes of indoor concentration vs time, and solid 
line changes of outdoor concentration vs time.  
 
                         
Fig. 3. Curve of indoor and outdoor natural gas ground surface 
concentration vs time at 60m in down wind direction 
Fig. 4. Curve of indoor and outdoor natural gas ground surface 
concentration vs time at 90m in down wind direction 
 
                                   
Fig. 5. Curve of indoor and outdoor natural gas ground surface 
concentration vs time at 104m in down wind direction 
Fig. 6. Curve of indoor and outdoor natural gas ground surface 
concentration vs time at 120m in down wind direction 
(2) The ground wind speed is 3.4m/s, with very weak solar radiation in day time, and atmospheric stability of F 
It can be seen in Fig. 7 that, after LNG leakage, the influence area can reach 118m down wind direction as the maximum, 
and the maximum influence range in transversal wind can also be 8m. The dotted line outside the shaded area in the figure 
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indicates the area possibly affected by the cloud formed by the leaking natural gas, mainly due to change of wind direction. 
                  
Fig. 7. Influence range of the cloud formed by LNG leakage and flashing Fig. 8. Curve of indoor and outdoor natural gas ground surface 
concentration vs time at 30m in down wind direction 
 
Changes of indoor and outdoor natural gas vapor concentration vs time at 30m, 60m, 90m, 118m, 120 and 150m in down 
wind direction are respectively shown in Figs. 8, 9, 10, 11, 12 and 13. In these figures, the LOC line represents the 
maximum permissible concentration in air (25000ppm), the dotted line indicates changes of indoor concentration vs time, 
and solid line changes of outdoor concentration vs time.  
                
Fig. 9. Curve of indoor and outdoor natural gas ground surface 
concentration vs time at 60m in down wind direction 
Fig. 10. Curve of indoor and outdoor natural gas ground surface 
concentration vs time at 90m in down wind direction 
 
               
Fig. 11. Curve of indoor and outdoor natural gas ground surface 
concentration vs time at 118m in down wind direction 
Fig. 12. Curve of indoor and outdoor natural gas ground surface 
concentration vs time at 120m in down wind direction 
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Fig. 13. Curve of indoor and outdoor natural gas ground surface concentration vs time at 150m in down wind direction 
 
 
The leakage diffusion ranges under the above-mentioned two leakage and diffusion conditions are as shown in Table 5. 
Table 5. LNG leakage dispersion influence range under two leakage dispersion conditions 
Assumptions for 
accident 
Ground wind 
speed (m/s) 
Solar radiation in 
daytime 
Atmospheric 
stability 
Influence range in 
down wind direction 
(m) 
Influence range in 
transversal wind 
direction (m) 
1 3.4 Medium D 104 7 
2 3.4 Very weak F 118 8 
 
4.3.2. Leakage source intensity calculation result 
Under the two conditions in Table 5, the leakage source is the same, with the intensity as shown in Fig. 33. 
 
Fig. 14. Leakage source intensity under the two conditions 
It can be seen from Fig. 14 that, because leakage takes place at a tank bottom pipe, the LNG level in the tank drops a lot, 
and the leaking rate keeps on decreasing, however, as the leaking hole is small (with a dia. of only 100mm), the leaking rate 
decreases slowly, and is about 1680kg/min. 
5. Conclusions 
˄1˅In this paper, a model of LNG accidental leakage and dispersion was first established, and the basic law of leakage 
and dispersion analyzed, then the mathematic model was used for simulating calculation of the tank in a LNG storage and 
distribution station, to predict and analyze the consequences of a leakage accident.  
˄2˅Because flashing takes place in LNG leakage, producing large amount of gas, and also because the wind speed is 
high (being 3.4m/s), therefore the maximum influence range in down wind direction can be 118m, and the maximum 
influence range in transversal wind direction can also be 8m. The result of simulating analysis basically reflects the trend 
and influence range of LNG leakage and dispersion, indicating the effectiveness of simulating analysis.  
˄3˅However, as the simulation result accuracy is related to the selected model and parameters, it is worth further 
exploring how to improve the accuracy of simulation result.  
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